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Abstract We report on a strategy to maximize the number 
of chromium atoms transferred from a magneto-optical trap 
into an optical trap through accumulation in metastable states 
via strong optical pumping. We analyse how the number of 
atoms in a chromium Bose Einstein condensate can be raised 
by a proper handling of the metastable state populations. Four 
laser diodes have been implemented to address the four lev- 
' els that are populated during the MOT phase. The individ- 
ual importance of each state is specified. To stabilize two of 
our laser diode, we have developed a simple ultrastable pas- 
sive reference cavity whose long term stability is better than 
1 MHz. 

'. PACS 03.75.-b; 34.50.-s; 37.10.De; 67.85.-d 

1 Introduction 

■ Ultracold atoms have found a large amount of applications 

■ ranging from Bose-Einstein condensation (BEC) to exquisitely 
accurate measurements. The achievement of BEC in ultracold 

■ dilute gases triggered a burst of activity devoted to the exper- 
imental investigation of various fundamental issues in quan- 
tum physics. Numerous experimental setups are operated to 

• enlarge the field of applications of trapped ultracold atoms 
1 1]. Most of these experiments are performed with samples of 
alkali atoms that are relatively easy to cool down to the micro- 

' Kelvin range in magneto-optical traps (MOTs), and that can 
be evaporatively cooled down to the nanoKelvin range after 
their transfer into a magnetic trap (MT). The extension of 
the cooling techniques to other atoms is attractive for sev- 
eral reasons among which one can quote only an arbitrary 
selection while, of course, some atoms are pertaining to sev- 
eral classes of applications or scientific goals. Several atoms 
possessing more complex internal level structure than alka- 
lis are appealing for optical frequency precision metrology 
(earth-alkali atoms like Calcium ||2l. Strontium Q and Mer- 
cury iU) or for testing ultracold collision theories Earth 
alkali atoms have also been proposed as quantum registers 



161 . Atoms that come along with a diversity of naturally abun- 
dant isotopes (such as Ytterbium and Chromium) are appeal- 
ing in the prospect of producing and studying mixtures of 
fermionic and/or bosonic quantum degenerate gases [7]. Fur- 
thermore, group III atoms (Uke Aluminium, Gallium and In- 
dium as well as Iron f9|, have been optically manipu- 
lated in view of potential applications in nanofabrication. Fi- 
nally, cooling of highly magnetic atoms opens the possibility 
to study the effect of dipole-dipole interactions in degener- 
ated quantum gases. Among these atoms. Chromium atoms 
carry a magnetic moment of 6 /i^. Erbium atoms of 7 
IfTOl and Dysprosium, recently laser cooled in a MOT fTI], 
of 10 jUfi. Chromium BECs have been produced during the 
last five years in the group of T.Pfau at the Stuttgart Univer- 
sity and in our group 111211131 . This article is devoted to the 
optimization of the production of such a BEC using an all- 
optical procedure. Even though we concentrate on our spe- 
cific atomic species, the techniques that we present to reach 
degeneracy and raise the number of condensed atoms, apply 
to many other experimental endeavors in which the handling 
of leaky transitions, the accumulation in metastable states and 
the need for an optimized loading into an optical trap are tech- 
nical bottlenecks that need to be overcome. 

In this paper, we precisely describe the loading of an op- 
tical dipole trap directly from a MOT. Metastable states are 
populated in a MOT by optical pumping, and are trapped in 
a single beam horizontal optical dipole trap. Thus, cooling in 
the MOT and trapping in metastable states become indepen- 
dent. This reduces Ught-assisted density-limiting processes, 
and allows for a larger density in the optical dipole trap, in 
the spirit of the dark spot physics 1 14 1. We describe the op- 
timization of the loading process by use of optical depump- 
ing towards four different metastable states. We find that the 
total number of atoms accumulated in metastable states is 
relatively independent of the metastable states in which the 
depumping is achieved, but most sensitive to the depumping 
rate. We find that optimum loading arises when the depump- 
ing timescale is comparable to the equilibration (or damping) 
time in the MOT. Such a strong depumping depletes the MOT 
atom number so that fight assisted losses (particularly strong 
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in the case of Cr) becomes negligible and do not limit the 
loading efficiency anymore. 

Another beneficial consequence of the strong depumping, 
is that by limiting the MOT density, it limits the rescattering 
of light, leading to MOTs of small size which nicely match 
the size of the optical dipole trap. This leads to a very good 
transfer rate of atoms from the MOT to the dipole trap, which 
is very hard to achieve with MOTs having a larger size. We 
also discuss the impact of this optimization on the BEC pro- 
duction. The Appendix describes an ultra-stable Fabry-Perot 
cavity, with very good long term stability, which we use to 
lock two laser diodes repumping two of the four metastable 
states involved. 



2 Strategies for the creation of a Chromium BEC 

Reaching quantum degenerate regime with chromium atoms 
is difficult, due to unfavorable collisional properties. Specific 
strategies had to be invented to tackle with particular mag- 
netic and spectroscopic properties of chromium. An impor- 
tant particularity of chromium is that inelastic light assisted 
collision rates are abnormally high. As a consequence, chromium 
magneto-optical trap clouds are small, both in size and atom 
number, limited to less than 10^ atoms. For example, the first 
MOTs to be obtained II15II16"17I were Umited to 10*' atoms. 
As shown in Fig.[Tl laser cooling is realized using the almost 
closed strong ^5 3 ^ ''P4 transition at 425 nm. Atoms in the 
excited state can decay to the and ^Dj, metastable 
states with a branching ratio of the order of 10"^. A natural 
idea is to plug these leaks by shining two lasers resonant with 
the transitions between these metastable states and the ^^4 
or 3 state (due to stronger transition strengths, we repump 
the metastable atoms via the ^P^ state). Even with these two 
repumpers on, the atom number in the MOT remains lim- 
ited to a few 10^ atoms because of light assisted collisions. 
Strategies to produce chromium BEC have to deal with this 
relatively small number of atoms in the MOT. 

The metastable levels offer a means to prepare large 
samples of cold atoms from a MOT. Indeed, as shown in 
figure 1 and stated above, atoms in ^^4 state can decay to 
metastable levels and ^^3. If their internal magnetic num- 
ber nij is positive (i.e. if they are in a low field seeking state), 
they remain trapped by the magnetic field gradient produced 
by the MOT coils, while they are immune to the MOT light. 
In addition, as the magnetic moment of chromium atoms is 
as high as 6 \Ib for the fully stretched states, chromium atoms 
are supported against gravity by moderate magnetic gradients 
compatible with the optimal MOT working point. 

This continuous loading of the magnetic trap with metastable 
atoms is the first key step in the road leading to the achieve- 
ment of the first chromium BEC 111211181 . From this point, the 
strategy of the Stuttgart group is the following: they load a 
few 10^ chromium atoms in a loff'e-Pritchard (IP) magnetic 
trap, using only the ^^4 level as a reservoir, the ^^3 state 
being continuously repumped with a laser resonant with the 
— > 3 transition. This IP magnetic trap is loaded from 



a 2D-MOT trap that shares the same magnetic potential. Af- 
ter a Doppler cooling stage, necessary to increase the initial 
phase-space density, and a first evaporation stage in the mag- 
netic trap, atoms are transferred into a dipole trap. Once the 
dipole trap is loaded, atoms are optically pumped into the 
lowest energy level CSi,mj - -3), to overcome the inelastic 
dipolar relaxation processes lfT9l . and the final evaporation 
ramp is performed in a ID dipole trap and then in a crossed 
dipole trap. The whole evaporation procedure cannot be per- 
formed entirely in a magnetic trap because chromium exhibits 
large dipole-dipole inelastic collision rates that preclude the 
BEC formation 1 19|. The dipole-dipole collisions lead to re- 
laxation of the initially magnetically trapped low field seek- 
ing state (nij = +3) toward state of lower energy, which re- 
leases kinetic energy. To avoid this mechanism, atoms have 
to be trapped in the true fundamental state (mj - -3), which 
cannot be trapped in a magnetic trap, so that a dipole trap has 
to be used. 



In Villetaneuse, we follow a shortcut by directly loading 
a dipole trap with metastable atoms from the MOT, to bypass 
the intermediate loading stage of atoms into a loffe-Pritchard 
type magnetic trap. We have demonstrated that a one beam 
dipole trap can be efficiently loaded during the MOT phase 
(TJJ]. For this setup, an horizontal dipole trap is focused at the 
position of a conventional MOT (comprising a quadrupolar 
magnetic field) so that metastable atoms accumulate in the 
combined magnetic plus dipole trap: atoms are trapped by 
dipolar forces transversally and by magnetic forces along the 
direction of the dipole trap beam. Our strategy to reach the 
quantum degeneracy involves, as a crucial point, the maxi- 
mization of the number of atoms accumulated in this com- 
bined trap. 



A first original idea was to cancel out the effect of the 
magnetic trap on metastable atoms during the accumulation 
stage using rf-sweeps. We have demonstrated that in presence 
of appropriate rf-sweeps, metastable atoms produced during 
the MOT phase accumulate in a pure dipole trap. The MOT 
is unaffected by the presence of the strong rf fields used dur- 
ing the rf-sweeps. This scheme allows to trap both the high- 
field and low-field seeker atoms in the dipole trap, and de- 
creases the confinement along the trapping laser beam prop- 
agation axis. We have shown that this rf sweep scheme in- 
creases the number of atoms loaded in the dipole trap by 50 % 
||2TI| . A second decisive step was to force new leaks towards 
metastable levels by using a depumping laser, to increase the 
number of atoms initially loaded in the dipole trap. In partic- 
ular, the accumulation in a new metastable state, ^82, turned 
out to be a decisive step to reach BEC lfT3]| . In the present 
paper, we quantify in details the contributions of the differ- 
ent metastable levels. This allows us to optimize the atom 
number in the BEC, using a procedure that enables the inde- 
pendent addressing of each of the metastable states that can 
be loaded from the MOT into the optical trap. 



Optimized loading of an optical dipole trap for the production of Chromium BECs. 
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Fig. 1 Simplified Cliromium energy scheme, siiowing the relevant levels and transi- 
tions. The strong ^5? — > P4 transition at 425 nm is used for cooling. The S3 — > P3 
transition at 427 nm is used for depuinping, with a power of 80 pW. Atoms accuinu- 
lated in the four metastable states ^ 04,^ D^,^ Di and can be repumped into the 
fundamental state using four independent red laser beams (with wavelengths between 
633 and 663 nm.) 



3 Metastable level scheme 



As shown in Fig.[T] metastable states have to be taken into ac- 
count when cooHng Chromium. As ah^eady mentioned, when 
atoms are cooled using the — > ''P4 transition at 425.6 
nm, metastable states and are populated due to a 
weak coupling between these two states and the excited state 
''P4. In addition, by exciting the ^^3 state with a 'depump- 
ing' laser at 427.6 nm, two further metastable states become 
also populated : and ^52- The couplings between these 
four metastable states and the two excited states ''P4 and ^^3 
are listed in Tab. [1] These couplings remain small compared 
to the ones between the ^5 3 state and the two excited states 
and ^Pj which are characterized by a transition rate A = 
3.1 lO^i"' ||22|. When only the main transition at 425 nm is 
excited, the branching ratio between transitions to the 
state and the ^53 state is of 4.1 10"*'. For this reason atoms 
have time to be efficiently cooled in the MOT before they de- 
cay into the metastable states. Coupling to the ^5 2 state is 
stronger than to the other metastable states, and atoms can be 
accumulated mostly in this state, in presence of the depump- 
ing laser, as demonstrated by the reported below experimental 
studies. 







'S2 






'D2 


'P4 


3.1510' 


forbidden 


127 


42 


forbidden 


'P3 


3.07 10' 


2.9 10-* 


610^ 


unknown 


unknown 



Table 1 Transition probabilities in ^ ' (from the NIST Atomic and Spectra Database 
1221 . and from 1231 ). 



4 Loading of a dipole trap with metastable atoms 

4.1 Experimental setup 

Our setup to implement a dipole trap has been already pre- 
sented in II 131 1201. An horizontal retrore fleeted infra-red (IR) 
laser beam (35 W max, A = 1075 nm) is focused at the MOT 
position with a waist of 42 \im. This far red detuned laser 
realizes a dipole trap into which cold metastable atoms ac- 
cumulate. The four metastable levels can be addressed using 
four independent red laser beams (see Fig. [1), allowing to 
repump each metastable state through the ^Pj excited state. 
We give in the appendix the technical details in relation to 
the frequency stabilization of these four repumping lasers. 
At the MOT position, these red laser beams have a power 
of typically 5 mW and a 1 mm 1/e^ radius. The sequence 
of accumulation is the following: at t=0, the MOT laser at 
425 nm, the depumping laser at 427 nm and the trapping IR 
laser are switched on. For all these experiments, the IR laser 
power was set to 30 W. In addition, during the accumulation 
sequence, the rf-sweeps are always switched on. As explained 
above, metastable atoms accumulate therefore in a one-beam 
pure dipole trap IISTI . As we have developed a laser setup 
that can address independently each metastable state, we can 
choose to accumulate into one single metastable state or into 
different states simultaneously by switching on or off the red 
laser addressing the corresponding state during the accumula- 
tion stage, as explained in the next subsection. When a given 
red laser is on, the leak to the corresponding metastable state 
is 'plugged' . After a given accumulation time, the MOT mag- 
netic field, the MOT beams and the depumping 427 nm laser 
are switched off. The four red laser beams are switched on 
during 30 ms to repump all the metastable atoms into the fun- 
damental state '53. Atoms are then polarized in the nij - -3 
state with a cr" pulse resonant with the ''Sj ^ ^Pj transi- 
tion at 427 nm, in presence of a bias field of about 2 Gauss. 
Finally, the optical trap is switched off, and after a time of 
flight of typically 1 ms, the atom cloud is imaged by absorp- 
tion imaging using a laser circularly polarized and resonant 
with the cooling transition at 425 nm. 



4.2 Simultaneous or independent loading of the different 
reservoirs 

We have studied the influence of the different repumpers on 
the accumulation of metastable atoms in the trap. A naive 
idea is that the number of accumulated atoms should raise 
if we increase the number of reservoirs. Nevertheless, for a 
given reservoir, loaded with only one given state, the maxi- 
mum number of atoms in this reservoir is fixed by an equi- 
librium between the loading rate and inelastic collision rates. 
The loading rate is related to the transition probabilities tab- 
ulated in Tab. [1] and to the power of the cooUng and depump- 
ing lasers, which sets the excited state population in ''f 3 and 
in 4. Inelastic colhsions which hmit the number of trapped 



4 



G. Bismut '-^j B. Pasquiou D. Ciampini B. Laburthe-Tolra E. Marechal L. Vernac and O. Gorceix '-^ 



metastable atoms are of two types: light assisted inelastic col- 
lisions with 4 and 3 atoms and 2-body inelastic colli- 
sions between metastable atoms. When several reservoirs are 
loaded simultaneously, 2-body inelastic collisions between 
the different metastable states also occur. The optimization 
problem at stake is therefore complex, the number of param- 
eters being large, and the interspecies inelastic collision rates 
between the metastable states being unknown. In Fig.|2]we 
show the comparison between the final number of atoms that 
can be loaded in the dipole trap when all the metastable states 
are populated during the accumulation phase (column a), and 
when only one of these reservoirs is filled during the accumu- 
lation phase, the other metastable states being continuously 
repumped (columns b to e). We obtain a surprising result : 
as shown by the first two columns, when one accumulates 
atoms in all the metastable states (column a) or only in the 
2 state (column b), the same final atom number is reached 
within the experimental error bars (w 10 %). In other words, 
we obtain the same final result if we repump the ^^4, 
and levels continuously or if we repump them only at the 
end of the accumulation phase thus effectively accumulating 
atoms in these states. The ''5' 2 state is therefore a reservoir 
that allows simply by itself to optimize the trap loading, and 
is more favorable than any of the metastable states. We 
will therefore focus on this particular state in the next two 
paragraphs. We also show on column a the population distri- 
bution of the different metastable states at the end of the ac- 
cumulation, when the four channels are open. To perform this 
measurement, we have repumped only the measured channel 
at the end of the accumulation phase; the number of atoms 
accumulated in the ground state ''S 3 is obtained when we do 
not repump any metastable states. We observe that atoms are 
mainly loaded in ''5' 2, ^£>4 state and also in the fundamental 
state ^Si. Comparing columns b to e with column a show that 
for a given state, the number of accumulated atoms is maxi- 
mized when the other states are not populated. If not, inelas- 
tic collisions with other metastable states increase the losses 
and lead to a smaller steady state atom number Finally, we 
obtain that only very few atoms are accumulated in the 
state (column e). Indeed when all repumpers are on (column 
f), we obtain almost as many atoms as when all but the 647 
nm repumpers are on. We therefore estimate that only 3.10* 
atoms are accumulated in the state to be compared to the 
2.10^ atoms accumulated directly in ^^3. This indicates that 
the coupling rate between and 3 is very small. 

A simple theoretical model can account for these exper- 
imental findings. We will show here that the experimental 
outcomes can be explained by assuming that depumping in 
metastable states is achieved in a timescale which is short 
compared to the timescale for light assisted losses in the MOT 
(as will be checked in next paragraph). We will also assume 
that the inelastic loss parameters for all different combina- 
tions of metastable states are all roughly equal. With these 
two only assumptions, simple rate equations account for the 
observation that accumulating only in the ^5 2 states while 
continuously repumping all other metastable states (column 



b) leads to the same number of accumulated atoms than ac- 
cumulating in all metastable states (column a). 

For example, in case there are two metastable states, the 
rate equations read 



dNi Ni N2 

-if = NMOTfi -/3-fNi -p^Ni 
at V V 

dN2 N2 Ni 

-7^ = A^MorA -/3-^N2 -I3^N2 
at V V 



dt 



^r- NuotiFi + r2) 



(1) 

(2) 
(3) 



where N\xmot is the number of metastable atoms in states 1, 
2 or in the MOT, yS the inelastic loss parameter in metastable 
states, and V the effective trap volume. ri,2 are the depump- 
ing rates into states 1 and 2. F is the loading rate of the MOT. 
Note that, when the light assisted collisions are not negligi- 
ble, a new term has to be added to equations 1 to 3 of the form 
Pp-it^*MOT^< where rf^^j is the density of excited ^ P4 atoms, 
and Pp-i is the the light assisted loss rate between atoms in 
^ P4 state and atoms in state 1, 2 or the MOT atoms. 

We solve this set of simple equations in two different 
cases. In the first case, we assume that metastable atoms 2 
are continuously repumped, so that atoms only accumulate 
in state 1. The steady state for the MOT atom number is 
Nmot - -f-, and the steady state for the metastable atom 



number is A^i 



In the second case, we continuously 



accumulate atoms in both metastable sates, corresponding to 
a steady state situation Nmot = T^J^ ^^'^ ^1 



This simple model (which can be easily extended to in- 
clude the four metastable states) hence reproduces our main 
experimental observations: accumulating in all metastable states 
or in only the ^5 2 state (by continuously repumping all other 
metastable states) leads to the same final atom number. The 
reason for that is that depumping to the ^82 is so fast that in- 
elastic losses can be neglected in the ground state, so that re- 
pumping all metastable states but one results in optical pump- 
ing to the state which is not repumped. The qualitative agree- 
ment between our observations and our simple model also in- 
dicates that the inelastic loss parameters corresponding to the 
different combinations of metastable atoms are of the same 
order of magnitude. The experimental results show never- 
theless that, when we do not accumulate atoms in the ^5 2 
state by repumping continuously this level with a repumper 
at 633 nm, we accumulate less atoms (columns c,d e) in other 
states. This shows the limitations of our simple model: first, 
the 2-body loss rate parameter for ^^4 state is twice bigger 
than for ^82 (as measured in subsection I4.4l i leading to fi- 
nally less atoms accumulated in this state (column c). Second, 
the depumping rates to the ^^3 and ^D2 states are very small 
so that in addition light-assisted collisions are no more fully 
negligible when we accumulate only in these states (column 
c and e). 
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Fig. 2 Numbers of atoms in the dipole trap, after the accumulation and the repump- 
ing in the fundamental state ^53. (a) simultaneous accumulation in all metastable states, 
and state composition, {b)-(e) : accumulation in a single reservoir, the other reservoirs 
being plugged during the accumulation phase, (f) Accumulation only in ^5 3 when all 
the reservoirs are plugged. 



ing beam, the MOT fluorescence is decreased by a factor of 

s30 ms. This time is 



two so that we can estimate that Tug/,, 
six time larger than Tdepump confirming that Hght assisted col- 
lisions are not limiting the loading of the dipole trap when 
accumulating in ^82- Note however that if we accumulate in 
^^4,3,2, the timescale for depumping is raised by a factor of at 
least five so that light assisted collisions may then play a role 
and limit the atom number. 
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4.3 Optimization of the ^82 loading 

In Fig. [3] we present the number of atoms accumulated in the 
dipole trap when only the ^82 state is loaded during the accu- 
mulation phase as a function of the power of the depumping 
laser (at 427 nm). This laser is circularly polarized, and is col- 
limated with a radius of 1.5 mm at the output of an opti- 
cal fiber and shone to the MOT. We observe a plateau of op- 
timal values between 30 and 70 (xW. If the depumping power 
is too small, there are few atoms in the excited ^ state and 
the loading rate to the ^82 reservoir is too weak. The num- 
ber of atoms increases with the depumping laser power until 
the saturation is reached. If the power is too strong, another 
phenomenon occurs. The MOT is affected by the depumping 
laser: we observe a decrease of the MOT fluorescence when 
the depumping laser power is raised. The optimum loading 
is reached when atoms have time to be cooled by the MOT 
before decaying into the metastable states. To estimate the 
cooling time in the MOT, Tmot, we first accumulate atoms 
in metastable states in a magnetic trap (the dipole trap is 
switched-ofF). We then switch-on the MOT laser beams with 
the repumping lasers for an adjustable time and we measure 
the time evolution of the initially large volume of the mag- 
netic trap toward the steady state MOT volume. We obtain a 
1 /e time evolution Tmot = 10 ms. This time has to be com- 
pared to the time Tdepump spent by atoms cycling in the MOT 
before being depumped. To measure Tdepump, we monitor the 
MOT fluorescence change when we switch on the depump- 
ing laser The MOT fluorescence steady level evolved within 
a time scale Tdepump to a slightly lower value. For a power 
of 35 [iW we measure a 1/e time constant of Tdepump - 5 
ms. These results confirm that the optimal loading is obtained 
when Tdepump and Tmot are of the same order of magnitude. 

We also compare the depumping time Tdepump to the time 
associated to light assisted collisions Tugi,,. We estimate this 
time by measuring the MOT lifetime, when all the repumpers 
are ON, and when we suddenly switch off the Zeeman slower 
beam. We measure Tught-IA ms. In presence of the depump- 



Depumping laser power (fiW) 

Fig. 3 Optimization of the number of atoms accumulated in the state in the 
dipole trap as a function of the depumping laser power. The atom number is measured 
after repumping in the fundamental state. The initial non zero value when the re- 
pumper is off corresponds to atoms directly loaded in the dipole trap from the MOT in 
the state. 



4.4 Inelastic collisions in the ^82 state 

The ^5 2 state is a particularly interesting reservoir, because 
our findings show that the loading is almost optimal when 
atoms accumulate only in this state. The loading rate through 
the coupling with the 3 state is five times bigger for this 
state than for the state (Tab. [T] |22j) which favors the 
accumulation in this state. In the dipole trap, the number of 
accumulated atoms is limited by inelastic collision rates. We 
have therefore measured the 2-body inelastic collision rate 
j6 of this state. For this, we measured the decay of the ^82 
atom number: once we have switched off the depumping and 
the MOT laser beams, we repump the ^5 2 state and take an 
absorption picture after a given time. During the decay, the 
density variation is locally governed by the following equa- 
tion: 



^ = -r«(r,o-Mr,0^ 

at 



(4) 



where F characterizes the one-body losses. In the present 
case, one body losses are mostly due to collisions with hot 
atoms coming from the thermal chromium beam, while in 
presence of the MOT beam light assisted collisions between 
atoms contribute also to the 1-body loss rate. We have checked 
experimentally that the shape of the atom density is well fit- 
ted by a Gaussian distribution, independent of time n(r, t) - 
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-^e >6 '6 =0 where Vq - xoyozo^ ■ In that case the solu- 
tion of Eq. |4]can be integrated to give the evolution equation 
of the total atom number A^(f): 



dN(t) B J 

The solution of this equation is given by : 



(5) 



1 + 2^(1 -e-^') 



(6) 



where a 



and A^o = - 0). The observed non 



exponential decay is presented in Fig. |4] The fit to the data 
using Eq.|6]yields a , A^o and F. The value of fi is related to a 
with the relation ji - l^^^aVo = 2^^^aN[)/ni) where no is the 
initial peak density. The direct measurement of the density 
by in situ absorption imaging is not possible as all the light is 
absorbed at the center of the cloud, leading to truncated ab- 
sorption profiles. For this reason, we deduce the peak atomic 
density from measurements of the dipole trap beam parame- 
ters and by using the theoritical light shifts. The power of the 
optical trap laser is 2 x 30 W at the MOT position, the waist 
is Wo = 42 [im and the estimated light shift is 12.9 MHz for 
the ^5 2 state. The theoretical calculation of this light shift is 
presented in fSOl. The peak atomic density is then obtained 
by substituting a parabolic approximation to the dipole po- 
tential, and by considering a Maxwell Boltzmann distribu- 
tion for the atom density in this potential. The temperature is 
measured by time of flight. For the conditions of Fig. |4] we 
found a temperature of 82 [iK and we obtained a peak density 
of 1, 30.10'^ cm"-' giving a value of p - 1, 3.10"" cm-'.s"'. 
With additional measurements, we finally estimated a value 
of ;0 = 1,6.10"" + 0,4.10"" cm^.s"'. The main error comes 
from the estimate of the peak density. Using the same pro- 
cedure, we measured the inelastic decay rate in the state 
to be 3,5.10"" cm-'.s"'. This value is in reasonable agree- 
ment with the already reported value of 2.6.10"" cm-'.s"' 
and 3,3.10"" cm-'.s"' [23. 24.1. We therefore conclude that 
the coUisional properties of the ^5 2 state are slightly more 
favorable to accumulation than those of the state as fi is 
about twice smaller for ^5 2. 

We also obtain that in the present case, the number of 
atoms loaded in the dipole trap is limited by two-body inelas- 
tic collisions between metastable atoms (as in |.20i ). This is 
very different from the case of the accumulation of metastable 
chromium atoms in a magnetic trap |23,25|, where light as- 
sisted collisions between excited atoms P4 from the MOT 
and metastable atoms are the dominant limiting mechanisms. 
This fact is clearly confirmed by the following experimental 
observation: when we measure the decay of the ^52 state pre- 
sented in Fig.|4]in presence of the MOT, the initial decay, i.e. 
when the density is high, is unchanged. This also confirms 
that the simple model presented in subsection 4.2 is valid. 
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Fig. 4 Decay curve for the number of trapped atoms after the MOT and re- 
pumper beams have been switched off. The fit using Eq.|6] yields /3 = 1,32.10"" 
cm^.s"^ for the two-body loss coeHicient (full line). 



4.5 Relevance of the different metastable repumpers for the 
chromium BEC production 

Before the conclusion, we sum up here our accumulation pro- 
cedure for the production of the BEC (typically containing 15 
to 20 thousand atoms in a pure condensate). As pointed out 
in sub-section 14.21 two equivalent procedures can be used to 
load efficiently the dipole trap, before starting the evapora- 
tion phase: either accumulating atoms in only ^5 2 or accu- 
mulating atoms in the four metastable channels (column a of 
Fig. |2]i. We use this last procedure: the repumping laser are 
switched-off during the accumulation phase, and are switched- 
on at the end to transfer all metastable atoms in '5 3. In ad- 
dition, we add, as explained in 1 13 1, a 'dark spot' repumping 
laser during the accumulation phase, resonant on the ^82 ^ 
3 transition that continuously recycles ^5 2 atoms that are 
not in the dipole trap volume. This 'dark spot' laser (which 
was not used during the studies presented in this paper) al- 
lows to increase the final atom number in the BEC by 10%. 
We can finally estimate the relative importance of the differ- 
ent repumping lasers. In our case, if we do not repump atoms 
in the ^82 state at the end of the accumulation we obtain no 
BEC. If we do not repump ^^4 atoms we decrease the BEC 
atom number by 78 %. And if we do not repump ^^3 atoms, 
we decrease the BEC atom number by 25 %. Finally, as al- 
ready mentioned previously, the repumping of the ^D2 state 
has no effect on the final atom number on the BEC so that we 
do not use this repumping laser for the BEC production. 



5 Conclusion 

We have presented here our strategy to optimize the loading 
of a dipole trap for the production a chromium BEC. The 
dipole trap is directly loaded during the MOT phase and we 
optimized the loading by using a controlled depumping to- 
ward metastable states. We have shown that the depumping 
is strong enough to overcome the light-assisted limiting pro- 
cesses. The optimal depumping is obtained when the depump- 
ing rate is of the order of the MOT formation (damping) time 
Tmot- We also focused on the relative relevance of the four 
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metastable states. We found that the ^82 state is more favor- 
able than the other metastable states in view of raising the 
overall final number of trapped Cr atoms. We related this to 
the inelastic collision rate j3 of this state and compared its 
value to the one of the that states. We also found that the 
state is only very weakly coupled to states so that it takes 
no part in the BEC production. 

In the appendix, we have presented a method of stabiliz- 
ing the frequency of laser diodes by locking them to a passive 
ultrastable Fabry-Perot cavity. The method requires very sim- 
ple mechanics, optics and electronics. It could apply to many 
experiments in the ultracold atom physics domain. 
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A Appendix: Description of the passive ultrastable 
cavity 

The repumping lasers frequencies are generated by four in- 
dependent extended cavity laser diodes delivering a power of 
10 to 25 mW. To address the metastable states, each laser fre- 
quency has to be stabilized within 1 MHz to the correspond- 
ing chromium atomic transition. 

For this purpose each laser's frequency is locked to an 
environmentally isolated Fabry-Perot stable cavity using the 
Pound Drever Hall (PDH) technique |26|. In brief, the laser 
beam is first split in two, the main power is used for the exper- 
iment and the other part is used for the lock. The laser current 
is gently modulated to a fixed frequency chosen between 10 
and 20 MHz, through a bias T connected to the laser diode. 
This modulation gives rise to two main sidebands in the laser 
frequency spectrum. The reflected light from the Fabry-Perot 
cavity is detected on a fast photodiode. The phase sensitive 
detection at the modulation frequency gives the PDH disper- 
sive error signal. This error signal is treated with a standard 
proportional integral differential regulator and then used to 
lock the laser frequency through the regulation of the laser 
current and of the piezo voltage of the diffraction grating of 
the extended cavity. With the PDH locking technique, many 
lasers can be locked on the same cavity, simply by assigning 
a different modulation frequency to each laser. For practical 
reasons, we have developed two distinct cavities to lock the 
four repumping lasers. The main difference between the two 
setups lies in the Fabry-Perot reference cavity. 

For the first cavity, the cavity's length can be scanned by 
a PZT and locked to the — > ''P4 transition of ^^Cr by use 
of saturation spectroscopy. This set-up was developed in the 
early stages of the construction of our experience 1, 171 and 
is used to lock the two diodes at 663 nm {^04 level) and at 
633 nm (^5 2 level), corresponding to the two most impor- 
tant transitions. Indeed, with only these two diodes locked, 
we can produce a BEC. The Fabry-Perot cavity is first used 
to frequency stabilize the 851 nm Ti-Sapphire laser (from 
Tekhnoscan), pumped by a Verdi laser (from Coherent). The 
IR laser light is then frequency doubled in an external cavity 
at 425 nm. Finally, the Fabry-Perot cavity length is locked to 
the —> ''P4 transition using a saturated absorption in a 
chromium hollow cathode lamp. One important drawback of 
this setup is that the different feedback loops are highly in- 
tricate. If, for example, the Ti-Sapphire laser or the laser or 
the doubling cavity suddenly unlocks, the Fabry-Perot cav- 
ity is then no more referenced and locking of the repumping 
lasers has to be caiTied out again. As we have added two new 
red repumpers, we have decided to implement a passive refer- 
ence cavity, whose length is therefore fixed in time and can be 
used everyday as a robust absolute frequency reference. We 
will describe here in more details the passive cavity, which is 
a simple versatile system that can be useful to many experi- 
ments where a long term stability is required. 

The ultra-stable cavity scheme is shown in Fig. |5] The 
cavity is a degenerate confocal cavity, with a measured fi- 
nesse of 82. The two converging spherical mirrors (curvature 
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Fig, 5 ultra-stable cavity set-up and detail of the mirrors fixing 

radius of 300 mm) are fixed at the extremities of a Ultra Low 
Expansion (ULE) glass spacer, which defines the distance be- 
tween the two mirrors. The mirrors fixing is shown in the in- 
set of Fig. |5] A first ring (in stainless steel) is glued on the 
glass using Torr Seal epoxy . Another ring, screwed on the 
first, allows to gently push the mirror, through an helicoflex 
metallic joint, and put it in contact with the ULE rod. The 
ULE spacer (300 mm length, 100 mm diameter) has an ax- 
ial aperture of 20 mm diameter for the laser beam propaga- 
tion. It is also pierced in its center by a 20 mm hole for the 
pumping. The Fabry-Perot cavity is located inside an Ultra- 
High vacuum chamber pumped with a 10 1/s ion pump (P < 
10"^ mBar and rests on 4 teflon posts (2 mm diameter). In 
order to achieve the required temperature stability, heating 
coils are located around the external surface of the vacuum 
vessel containing the ULE rod. The heating coils are home 
made with a copper wire winded up around cardboard papers 
(pitch of 5 mm), which are then wrapped up around the vac- 
uum chamber. This allows to have a uniform repartition of the 
heating foils at the vacuum vessel surface. A partially stable 
temperature environment is provided to the vacuum vessel 
by uniformly covering it with aluminium foils and by hous- 
ing it in a thermal insulation box. The addition of the box 
reduces temperature fluctuations of the ULE rod by a fac- 
tor 3. The temperature fluctuations and drifts are measured 
by placing several sensors (thermistors mounted on a Wheat- 
stone bridge) on the surface of the vacuum vessel and inside 
it on the ULE rod. One of these sensors, which is stuck on 
the surface of the ULE rod, is giving the feedback signal for 
our Proportional-Integrator (PI) controller which acts upon 
the current sent through the heating coils. The thermal time 
constant of the ULE rod relative to the heating coils was mea- 
sured to 8 hours, the couphng being mostly due to radiations 



from the internal surface of the vacuum vessel. The temper- 
ature of the cavity is set to 26 °C, slightly above the room 
temperature. The room temperature is regulated to 23 °C with 
fluctuations less than + 1 ° . The time constant of our PI correc- 
tor is set to 100 s so as to compensate for fast thermal fluctu- 
ations. In all cases it takes around 10 hours for the system to 
stabilize to a regime where the temperature at the measure- 
ment point on the surface of the ULE rod varies by less than 
500 fiK. This temperature is measured by monitoring the er- 
ror signal. We achieve a long term (1 year) stabiUty below 1 
MHz , tested using a frequency stabilized He-Ne laser at 633 
nm. Using an AOM, the frequency of the laser light is swept 
over a free spectral range of the cavity and the position of the 
transmission peak of the laser light in the cavity is spotted 
at each frequency sweep. We could also daily check that the 
frequency of the cavity is stable, within 1 MHz, compared 
to the frequency of the (^D^ ''P3) repumping chromium 
transition at 654 nm. 

During the development phase, we have measured the Co- 
efficient of Thermal Expansion (CTE) of the whole cavity 
by ramping slowly the temperature of the ULE rod (3 days 
from 20 °C to 35 °C). Although a temperature dependence 
of CTE is recorded during measurements, a significant hys- 
teresis on the temperature dependence of the cavity length 
is observed during the ramping up and down, which affects 
greatly the performances of the cavity in terms of sensitiv- 
ity to temperature fluctuations. With our observations, a most 
reasonable assumption is that it stems from the frictions at the 
interface between the cavity and the teflon posts. Hysteresis 
makes every effort to reach a region of lower CTE useless. 
This induces a maximal CTE of a = 4,4.10"^/r ' at ambient 
temperature, which is at least 10 times worse than expected 
from such an ULE 1 27 1 . This relatively high CTE could be ex- 
plained by the thermal expansion of the mirrors fixing system. 
Despite this hysteresis phenomenon, the very good perfor- 
mance of the temperature control allows us to reach the long 
term stability that is required. It must be noted that using the 
temperature sensor on the external surface of the vessel as the 
feedback branch for our frequency stabilization system did 
not provide a good enough screening of outside temperature 
fluctuations. Doing so, the frequency fluctuations has been 
measured to be around 6 MHz over 5 hours while the room 
temperature variation has been as large as IK. We therefore 
concluded that for our setup, it was crucial to put the feedback 
sensor directly on the ULE rod surface. 

We point out here that our cavity setup is remarkably sim- 
ple. It uses standard electronics and optics (excepted the ULE 
rod, whose design is also simple). The cavity finesse is rather 
low, the fixation of the mirrors is basic. The obtained perfor- 
mances are far from the ones of very carefully designed high 
finesse ultrastable cavities developed in advanced labs ||28l . 
Nevertheless our scheme for frequency stabilization if suffi- 
cient for most of the cold atoms experiments. 
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